The activity of hippocampal pyramidal cells reflects both the current position of the animal and information related to its current behavior. Here we investigated whether single hippocampal neurons can encode several independent features defining trials during a memory task. We also tested whether task-related information is represented by partial remapping of the place cell population or, instead, via firing rate modulation of spatially stable place cells. To address these two questions, the activity of hippocampal neurons was recorded in rats performing a conditional discrimination task on a modified T-maze in which the identity of a food reward guided behavior. When the rat was on the central arm of the maze, the firing rate of pyramidal cells changed depending on two independent factors: (1) the identity of the food reward given to the animal and (2) the previous location of the animal on the maze. Importantly, some pyramidal cells encoded information relative to both factors. This trial-type specific and retrospective coding did not interfere with the spatial representation of the maze: hippocampal cells had stable place fields and their theta-phase precession profiles were unaltered during the task, indicating that trial-related information was encoded via rate remapping. During error trials, encoding of both trialrelated information and spatial location was impaired. Finally, we found that pyramidal cells also encode trial-related information via rate remapping during the continuous version of the rewarded alternation task without delays. These results suggest that hippocampal neurons can encode several task-related cognitive aspects via rate remapping.
Introduction
Hippocampal pyramidal cells fire in relation to space (O'Keefe and Dostrovsky, 1971) . In addition, the firing of hippocampal cells can be altered by contextual cues, such as the color of the walls during open-field exploration (Jeffery and Anderson, 2003; Leutgeb et al., 2005) or task-contingent information during spatial tasks (Frank et al., 2000; Wood et al., 2000; Ferbinteanu and Shapiro, 2003; Bower et al., 2005; Lee et al., 2006; Shapiro and Ferbinteanu, 2006; Ainge et al., 2007a,b; Pastalkova et al., 2008) .
During spatial tasks, hippocampal neurons often fire in a trialdependent manner. For example, in spatial working memory tasks the firing of some hippocampal cells is controlled by the previous or future location of the animal (Frank et al., 2000; Wood et al., 2000) . This suggests that these firing changes represent retrospective or prospective memory traces incorporating the past experience of the animal and its future choice. It is also possible that during a memory task the firing rate of pyramidal cells changes on single trials to encode not only single features, but also combinations of multiple features associated with both past and future locations. This has not been examined directly.
Some studies have suggested that prospective and retrospective coding cells might be active only during some trial-types or that the location of their firing fields changes across trials of different types (Wood et al., 2000; Ferbinteanu and Shapiro, 2003; Lee et al., 2006; Kennedy and Shapiro, 2009) , indicating that the hippocampal spatial representation undergoes global or partial remapping. However, an alternative explanation is possible; contextual information could be expressed by rate remapping, which involves firing rate changes of place cells without alterations of their spatial selectivity (Leutgeb et al., 2005) . Such rate remapping has been suggested to take place during certain memory tasks as well (Lipton et al., 2007; Ferbinteanu et al., 2011; Ainge et al., 2012) , although this has not been quantitatively tested. Rate remapping would enable simultaneous coding of place and additional features. Indeed, hippocampal neurons could encode spatial information by the timing of their action potentials relative to ongoing theta oscillations (O'Keefe and Recce, 1993) and the instantaneous firing rate could encode trial-related information (Huxter et al., 2003) . Resolving the nature of remapping during memory tasks would shed light on the mechanisms responsible for task-contingent firing.
In this study, the activity of hippocampal neurons was recorded in a task in which non-spatial stimuli guided the animal's choice behavior on a T-maze. This procedure allowed a dissociation of the features associated with the current and the previous trials. We examined whether the firing of a single hippocampal cell can represent combinations of independent taskcontingent features. In addition, we tested if the task-contingent firing of place cells emerged via the activation of different place maps or through firing rate changes of spatially stable place cells. Finally, we investigated whether the coding mechanisms observed in this conditional discrimination task were also at play when the previous location of the animal guided the animal's behavior.
Materials and Methods
Subjects. Three male Long-Evans rats (weighting 285-310 g) were individually housed with ad libitum access to water. After a recovery period following tetrode implantation, but before behavioral training, the rats were put on a restricted feeding schedule to reduce their body weight to ϳ85% of their free feeding weight.
Tetrode implantation. The rats were implanted with 16 tetrodes above the dorsal hippocampus. Each tetrode was made of four 12 m tungsten wires (H-Formvar insulation with Butyral bond coat, California Fine Wire Company), twisted together, and heated to bind them into a bundle. The tip of each wire was gold plated to reduce its impedance to 150 -400 k⍀. The tetrodes were loaded into a microdrive that allowed their independent movement. The rats were anesthetized with isoflurane (0.5-2%) mixed with oxygen, injected intraperitoneally with buprenorphine (0.1 mg/kg), and positioned in a stereotaxic apparatus. The skull was exposed. Bregma and lambda were leveled and 9 -10 anchor screws were affixed to the skull. A craniotomy was performed above the right dorsal hippocampus, 3.0 -4.6 mm posterior and 2.2-3.8 mm lateral to bregma. The dura mater was removed and the tetrodes were lowered 1.5 mm into the cortex, after which both the tetrodes and the exposed cortex were sealed with paraffin wax. Two copper wires were attached to two of the anchor screws above the cerebellum and served as ground and reference electrodes. The microdrive was permanently attached to the skull and the anchor screws using dental acrylic. Following a 7 d recovery period, the tetrodes were lowered until they were ϳ300 -500 m above the CA1 pyramidal cell layer.
Apparatus. The modified T-maze was made of wood and painted gray (Fig. 1 A) . The maze, which was elevated 76 cm from the floor, consisted of a standard T-maze to which two additional return arms were attached between the goal arms and the start of the central arm. The central arm was 162 cm long and each goal arm was 50 cm long. The maze arms were 10 cm wide. A 1-cm-high rim secured the edge of each alley. Inverted guillotine doors that dropped down below the maze were located 2.5 cm away from beginning and end of the central arm on both sides. The doors could be operated from a distance by the experimenter who pulled or released strings connected to the doors. A food well was located on the central arm, 30 cm away from beginning of that arm. A food well was also located at the end of each of the goal arms. The room in which the T-maze was located was illuminated by 6 light bulbs attached to a circular ring above the maze. The testing room contained many extramaze visual cues that remained at the same location throughout testing, including two computer racks, a black curtain, a door, and shelves.
Behavioral procedure. Rats were familiarized to the maze individually by placing them on the maze for 10 min twice a day. On each session, sweet corn or chocolate was available in the food well of the central arm and in one of the two goal arm food wells. For example, on one familiarization session, an animal was familiarized with chocolate in the food well of the central arm and the left goal arm. On the next session, this animal was then familiarized with sweet corn in the food well of the central arm and of the right goal arm. This way, each goal arm food well was associated with a particular type of food. This contingency remained the same for a given animal throughout training but varied across animals. After the third day, the guillotine doors at the entrances of the goal arms and at the entrance of the base of the central arm ( Fig. 1 A) were opened and closed during the familiarization sessions.
Training on the continuous conditional discrimination task began after 4 -5 d of familiarization. A session would start when the rat was placed on the base of the central arm. The rat was allowed to eat the food reward (chocolate or sweet corn) from the food well on the central arm. The rat was then required to run up the central arm and visit one of the two goal arms. The baited goal arm depended on the food type given to the animal at the base of the central arm. For example, if sweet corn was given to the animal on the central arm of the maze, more sweet corn was also available in the food well of the right goal arm. If chocolate was in the food well of the central arm, then more chocolate was available in the food well of the left goal arm. The other food well remained unbaited. Once the rat was in one of the goal arms, the guillotine door of this arm was closed to prevent the rat from visiting the other goal arm or retracing its steps to the central arm. The rat then had to run down the return arm to reach the base of the central arm and initiate the next trial. During the first 12 trials of a training session, the rat received two blocks of six consecutive trials with the same type of food to break the tendency of the rats to alternate between left and right turns. Subsequently, the rat was trained on 24 trials in which the identity of the food was established using a pseudorandom order in which the same food stuff was not repeated on Ͼ3 consecutive trials (with 12 chocolate trials and 12 sweet corn trials within each session). During this period, rats received, on average, two A B C Figure 1 . Food-location conditional discrimination task. A, Schematic of the modified T-maze. The location of each inverted guillotine door used in the experiment is indicated by a dotted line. Gray circles represent the food wells. The two dotted rectangles correspond to the zones used for the analysis at the food well of the central arm (CCZ) and on the middle portion of the central arm (MCAZ). The two colored arrows indicate the correct response to perform for a rat on trials in which chocolate (Ch; red arrow) or sweet corn (Sc; blue arrow) was given as a reward on the central arm of the maze. B, Acquisition of the conditional discrimination task by three rats. Chance level is indicated by a dotted line. The recording began at the end of each learning curve, as indicated by the arrows. C, Number of trials and performance during the recording sessions used for electrophysiological analysis. Each band of the graph represents a recording session.
training sessions of 36 trials per day. As training progressed, the guillotine doors were used only when needed, usually Ͻ5 times per session. The recording sessions started after the rats had reached a criterion of at least 80% correct choices during one training session (i.e., 29 correct out of 36 trials). On recording sessions, the rats first received two blocks of six consecutive trials with the same food type, as during the training sessions. Thereafter, the order of the food types was determined pseudo-randomly (as above) and the rats were run until they were satiated. Data acquisition and analysis. The signals from the tetrode wires were passed through two 32 channel unity-gain preamplifier panels (http:// www.braintelemeter.atw.hu) to reduce cable artifacts. The output signals were amplified (0.1 Hz to 5 kHz, amplification: ϫ 1000, 64 channel Sensorium Amplifier) and continuously digitized at 20 kHz using AD converter computer cards (United Electronics Industries).
At the beginning of each recording day, the tetrodes were lowered into the pyramidal cell layer of the hippocampus and recording sessions began 3-4 h later. At the end of a recording day, the tetrodes were raised ϳ500 m.
Spikes were extracted offline from the digitally filtered (0.8 -5 kHz) signal. The power (root mean square) of the filtered signal was computed in a sliding time window (0.2 ms) and the SD was calculated to estimate the variance of the baseline noise. The time windows with a power of Ͼ5 times the SD from the baseline mean were extracted. The 32 samples (1.6 ms) containing each spike were reconstructed at 40 kHz using the principles of the sampling theorem (Press et al., 2007) . The peaks of the original and reconstructed waveforms were realigned. Sixteen data points were then extracted for each spike (assuming 10 kHz). Principal component analysis was used to extract the first three components of the spike waveforms for each wire of the tetrode. Normally, the first three principal components account for Ͼ90% of the variance. For each spike, the three principal components for each wire were combined, giving a total of 12 features for each spike.
The spikes from putative individual neurons were segregated using automatic clustering software (http://klustakwik.sourceforge.net/) and the resulting spike clusters were manually refined with a graphical cluster cutting program. Only clusters with well-defined cluster boundaries and a clear refractory period in their spike-time autocorrelation were used for further analysis. Pyramidal cells and interneurons were discriminated by their spike-time autocorrelation, firing rate and waveform, as previously described (Csicsvari et al., 1999) . Stability of the cells was verified by analyzing spike features over time. In addition, an isolation distance, based on Mahalanobis distance, was calculated to ensure that spike clusters did not overlap during the course of the recordings. Clusters with Ͻ300 spikes were not used in further analysis.
For each rat, we used one of the tetrodes in the CA1 pyramidal cell layer to detect theta oscillations. The raw signal was digitally bandpass filtered at delta (2-4 Hz) and theta (6 -10 Hz) frequency and the power (root mean square) was calculated for every 500 ms time window. Theta epochs were defined as time windows with a theta/delta power ratio Ͼ1.5. The raw signal was then filtered at 5-14 Hz and the beginning and end of each cycle in the theta epochs were detected. Phase "zero" was defined as the positive-to-negative zero-crossing. The firing phase of a spike in degrees was the elapsed fraction of the current cycle at the time of the spike, scaled to a 0 -360 range.
Sharp wave/ripple epochs were detected on tetrodes located in the CA1 pyramidal cell layer after applying a bandpass filter to the raw signal. A channel from a tetrode located outside the CA1 pyramidal cell layer served as a reference channel to eliminate contamination of the detection by muscle artifacts. The power (root mean square) was calculated in 20 ms time windows (10 ms between windows) and a window with a power larger than 5 SD above the mean was considered as part of a sharp wave/ripple epoch. The epoch extended in both directions until a time window with a power below 2.5 SD above the mean was encountered.
The position of the animal was obtained by monitoring the position of three LEDs of different colors located on the animal's microdrive via a video camera (Digital 8, Handycam, Sony) mounted in the ceiling above the maze. The position of the animal was sampled every 40 ms and the resolution of the tracking was 3.3 pixels/cm.
Place rate maps were calculated by dividing the number of spikes emitted by the time spent in 2 ϫ 2 cm bins. Only the data from periods in which the velocity of the rat was higher than 5 cm per second were included in the calculation. Both the occupancy (time spent in each bin) and firing rate maps were smoothed with a Gaussian kernel function (SD ϭ 3 cm).
For some analyses, the two-dimensional position data were transformed into one dimension. This was done by finding the seven linear vectors that best represented the path of the animal on each of the seven segments of the maze (i.e., the two oblique portions of the return arms, the two horizontal portions of the return arms, the central arm and the two goal arms). For each position sample, the point (p) on these vectors that was the closest to the position of the animal was found. The distance from the end of the oblique return arm close to the food well and p represents the linear position of the animal. The length of the linear path for a typical trial was ϳ400 cm. A linear place field was defined as a minimum of five adjacent 2 cm bins containing a bin with a firing rate above 5 Hz, and extending both sides until the firing rate fell below 10% of the highest firing rate in the field.
Influence of trial type and previous location on the firing of hippocampal pyramidal cells. Each correct trial was classified according to two factors: the conditional cue given to the animal (sweet corn or chocolate) and the previous location of the animal before entering the central arm of the maze (right or left return arm). The firing rate of every pyramidal cell on each trial was calculated in two zones of the central arm of the maze. The conditional cue zone (CCZ) was a 25 ϫ 25 cm area centered on the food well of the central arm (Fig. 1 A) . The middle central arm zone (MCAZ) was a rectangular 25 ϫ 90 cm area covering the central arm, starting 20 cm from the food well of the central arm (Fig. 1 A) .
For the CCZ analysis, the time spent in the CCZ on each trial was divided into four time windows of equal duration. The average speed and the X and Y positions of the animal were calculated for each time window, together with the firing rate of every cell that emitted Ͼ300 spikes in the CCZ. An analysis of covariance (ANCOVA) on the firing rate with the factors Trial-Type (correct sweet corn trials and correct chocolate trials), Previous-Location (left or right return arm), Time-Window (4 equal time windows), and the continuous variables X-Pos, Y-Pos, Speed, and Time-In-Zone was performed. This aimed to establish whether the factor Trial-Type, Previous-Location, and Time-Window had an effect on the firing rate of a cell once the effects of X-Pos, Y-Pos, Speed, and Time-InZone had been removed. A shuffling procedure was used to minimize the risk that a deviation from a Gaussian distribution in the firing rate of the cells affected the conclusions of the statistical procedure. The ANCOVA was repeated 500 times for each cell after shuffling the identity of the Trial-Type and Previous-Location. The significance level for the different effects for a given cell was obtained by comparing the real F value with the distribution of F values obtained during the shuffling procedure on the data of that same cell. If the real F value was larger than 95% of the F values obtained during the shuffling procedure, the effect was considered statistically significant. At the cell population level, we calculated the mean F value for the factors Trial-Type and Previous-Location from the real data set. Five-hundred samples of size n, where n is the number of neurons analyzed, were taken from the shuffled distribution of F values (containing the shuffled data from all analyzed cells), and the mean F value of each sample was calculated. If the mean F value from the real data set was larger than 99% of the mean F values observed during this shuffling procedure, we concluded that the factor was significant at the population level. We also calculated 95% intervals for a shuffled cumulative distribution of F values. This was done by calculating the cumulative distribution of each of the 500 samples of size n, and keeping the 25th largest probability for each value of F.
A differentiation index was calculated for each cell in the CCZ zone. This score was defined as the absolute value of the difference between the mean firing rates on the two types of trials (food types), divided by the sum of mean firing rates on the two types of trials. We also calculated a differentiation index for the same cells using the firing at the food wells in the right and left goal arm.
To test whether the factors Trial-Type and Previous-Location had an effect on the linear place rate maps in the MCAZ, a linear place rate map of the MCAZ was calculated on each trial for every cell. Each bin represented 8.2 cm of the MCAZ. The mean speed and lateral position (position along the shortest axis of the MCAZ) of the animal was also estimated in each individual bin of every trial. An ANCOVA was performed for each cell to determine whether the factors Trial-Type, Previous-Location, and Position had an effect on the firing rate of the cell, while controlling for the potential effects of speed and the lateral position of the animal. We repeated this calculation 500 times after shuffling the identity of the correct trials. The distribution of F values for the factors Trial-Type and Previous-Location from the real data was compared with that of the shuffled data set.
Place field similarity in different trial conditions. To examine whether the location and shape of the place fields changed depending on the trial type and/or the previous location of the animal, two-dimensional place rate maps within the MCAZ were made from the trials with chocolate or sweet corn, or from the trials on which the animal was coming from the right or left return arm. For each selected cell, a Pearson correlation coefficient was calculated between the firing rates of two place rate maps across two different conditions. The distribution of correlation coefficients was compared with a similar distribution obtained after shuffling the trial identity 500 times.
Theta oscillations and phase precession analysis. For place cells showing changes in firing associated with the trial type or the previous position of the rat, the theta-phase precession profile was quantified in the two conditions showing a firing rate difference. Place-phase maps were calculated in a similar manner to those of the linear place rate maps, but the maps included only the region covered by the place field of the cell plus a 10 cm margin area. The spike-count maps (as a function of the rat's location on the linear track and theta phase) and their associated occupancy maps were calculated (equal occupancy probability being assumed for different theta phases). These maps were calculated separately for the types of trials in which there was a change of firing rate. As different cells had a higher firing rate in different conditions, the group data are reported for the trial conditions associated with low and high firing rate. Theta phase precession was quantified by calculating the r value of the circular-linear correlation between the theta phase and linear position of the spikes. The mean phases of the spikes for six equal portions of the cell's place field were also calculated.
Position reconstruction from ensemble of pyramidal cells. The rat's position was reconstructed using a cross-validation method to test whether the different trial types induced spatial remapping in the hippocampus. The method was adapted from previous work in which the activity of pyramidal cells was used to predict the location of the rat on a linear track or a figure-8 maze (Jensen and Lisman, 2000; Zhang et al., 1998) . The MCAZ was divided in 4 ϫ 4 cm bins and the Bayes's theorem was used to calculate the probability that the rat was at position x, given the number of spikes (n) observed in a 200 ms time window, as follows:
P(x) is the probability that the rat was at position x. P(n ͉ x) was derived using the firing rate maps of the pyramidal cells in the MCAZ, as follows:
where f i (x) is the mean firing rate of cell i at position x and is the length of the time window in seconds. The probability P(n) was determined by normalizing the conditional probability P(x ͉ n) so that the sum of P(x ͉ n) over x was equal to 1. Hence, P(n) was calculated by summing P(n ͉ x)P(x) for all possible x values. The model used to predict the position of the rat on a given trial was based on the place rate maps of the cells during the remaining trials of the same type or all but one randomly selected trial of the different type. For each time window, the position x associated with the largest probability was the reconstructed position. If in a time window the sum of P(x ͉ n) over x was equal to 0, the predicted position of the rat was not updated. Theta phase information was added to the model by dividing each theta cycle into five theta bands (Jensen and Lisman, 2000) . This was done by calculating the firing rate maps separately for the spikes falling in the different theta bands (smoothing kernel SD ϭ 8 cm). The reconstruction error for each 200 ms time window was defined as the distance in the longitudinal axis of the central arm between the recorded and predicted positions. To estimate the effect that global remapping would have on the reconstruction error, we reconstructed the position of the rat after shifting the position of the firing fields in the model. The fields were shifted by moving the firing rate map along the longitudinal axis of the MCAZ by a random amount, imposing circular boundary conditions. Prediction of trial-related information based on ensemble firing rates. The firing rate of hippocampal cells in the CCZ and the MCAZ was also used to predict the trial type or the previous location of the rat. In the CCZ, the firing rate of each cell with a significant main effect of TrialType or Previous-Location was included as a predictor. For cells involving a significant interaction with Time-Window, the firing rate in the time windows in which there was a significant simple main effect of Trial-Type or Previous-Location served as a predictor. In the MCAZ, the firing rates in the linear place rate maps were used. For cells with a significant main effect of Trial-Type or Previous-Location, but no significant interaction with the factor Position, the average firing rate in the place rate maps served as predictors. For the cells with a significant interaction involving the factor Position, simple main effects were calculated for each bin of the linear place maps. The firing rates in the bins with a significant simple main effect of Trial-Type or Previous Location were used as predictors.
To infer the trial type and the previous location for a given trial, we fit the model on all but one trials in the same recording session (training set) and used the model to predict the trial type and the previous location of the remaining trial (Pastalkova et al., 2008) . For each trial of the training set, a binary population vector u ϭ (u 1 , u 2 , u 3 …u k ), where k is the number of predictors, was constructed. Each predictor could be in one of two states: u k ϭ high if n k Ͻ N k and u k ϭ low if n k Ͻ N k , where n is the firing rate of the predictor on the trial and N its mean firing rate across all trials of the training set. The mean firing rate of the cell was used as the discriminator because the predictors were identified from the results of the ANCOVA, which tested whether the mean firing rate of the predictor varied between different conditions. Four population vectors were used to store the probability for each predictor being in the high or low states, on each of the four possible combinations of trial types and previous locations: P q k ͑u͒ ϭ Prob(k-th predictor is in the state u given trial type and previous location q). The high or low state of each predictor was then established for the predicted trial and the probability of obtaining this vector was computed using the following formula:
The condition with the largest probability was defined as the predicted condition.
Rewarded alternation without delays. An additional four, experimentally naive adult rats were implanted with 16 tetrodes in the hippocampus and trained on the continuous version of the rewarded alternation task without delays (Wood et al., 2000; Lee et al., 2006) . The same apparatus was used as for the conditional discrimination task. Two food wells were used in this experiment. They were located at the distal ends of each goal arm. Two pellet dispensers (Med Associates) located in the ceiling above the maze were used to deliver food pellets (45 mg, Formula A/I, P. J. Noyes) to each food well via a plastic tube.
The rats were first trained to run unidirectional laps on one side of the maze (either the left or the right side). The access to the opposite side of the maze was blocked by two black barriers (40 cm wide and 50 cm high). During the first two days, pellets were scattered on the maze and the rat was allowed to explore half of the maze for 10 min. On the following days, each rat was given two 10 min sessions on the maze and pellets were only available at the food well. A food reward was delivered each time the rat completed a lap on the maze and visited the food well in the goal arm. The rat then had to return to the start of the central arm via the return arm. The maze doors were used to prevent the animal from retracing its steps. Once the rat performed unidirectional laps without much hesitation, the recording cable was attached to the rat before it was placed on the maze. After 3-4 d of unidirectional lap training on the same side of the maze, the rats were trained for 1 d to perform unilateral laps on both the familiar and novel sides of the maze. Unilateral training sessions of 20 min were performed in this order: familiar-novel-familiar-novel. The access to the other arm was blocked with the barriers. Before each training session, the rat was placed for 20 min in a gray box (30 ϫ 26 cm, 53 cm high). The rewarded alternation training without delays began the following day.
During rewarded alternation training, the barriers were removed from the maze and the rat was free to alternate between the left and right goal arms of the maze. A food reward was available at the food well whenever the rat visited the goal arm opposite to the one it had visited on the previous trial. The doors of the maze were used only to prevent the rat from retracing its route or entering a return arm via the base of the central arm.
The data from the left-to-right, right-to-left, and error trials were separated using the position data. Place field analysis was performed as for the conditional discrimination task. The analysis of the effect of trial type (left-to-right and right-to-left trials) on the firing of the cells was performed on the central arm of the maze. The zone of analysis began 30 cm away from the return arm junction with the central arm and extended 115 cm along the central arm. The position of the rat in that zone was very similar across the two trial types.
Histology. After completion of the experiment, rats were deeply anesthetized (sodium pentobarbital, 200 mg/kg, i.p.) and perfused transcardially with 0.9% buffered saline, followed by 4% paraformaldehyde (4°C). Brains were excised and stored in a solution of 4% paraformaldehyde. They were then placed in a sucrose-formalin solution for 24 h, frozen, and sectioned (50 m) coronally. Sections containing the hippocampal region were mounted on a gelatin-coated slide, dried at 37°C, and stained with cresyl violet. The sections were examined to identify the location of the tetrodes.
Results
Multichannel extracellular recordings were performed in the dorsal hippocampus during the conditional discrimination task. The majority of the tetrodes (Ͼ 80%) were located in the CA1 region, with the remaining tetrodes located near the CA3 and CA2 border. We identified 532 pyramidal cells and 67 interneurons. Before recordings, rats were trained to perform the conditional discrimination task in which the animal had to turn left or right on the T-maze depending on the type of food reward it received in the central arm. After ϳ500 trials, the rats were performing consistently above 75% correct choices (Fig. 1 B) . The mean performance during subsequent recording sessions was 84.53% correct choices, with only one session below 80% correct choices (Fig. 1C) . The performance on trials with chocolate and sweet corn was not significantly different, F (1,12) ϭ 1.36; p ϭ 0.73 (Fig. 1C) .
Most pyramidal cells had one or few defined firing fields on the maze (Fig. 2 A) . The mean linear place field size for pyramidal cells was 31.79 Ϯ 0.68 cm. Place fields appeared stable during recording sessions and we did not find evidence for a gradual shift forward of the place fields within recording sessions, either on the central arm of the maze (Fig. 2 B , effect of block: F ϭ 0.9951, p ϭ 0.45) or on the return arms (Fig. 2C , effect of block: F ϭ 0.39, p ϭ 0.85). The firing of pyramidal cells was examined in two locations on the central arm of the maze: the CCZ and the MCAZ, see Figure 1 A.
Presentation of the conditional cues leads to changes in firing rate
A total of 199 pyramidal cells fired at least 300 spikes each while the rats were in the CCZ (Fig. 1 A) . During that period, the rat arrived at the food well and was presented with one of the two food types, which determined whether the rat should choose the left or the right goal arm to obtain a further reward. For each cell, we performed an ANCOVA with Trial-Type (sweet corn or chocolate), Previous-Location (right or left goal arm), and TimeWindow (time in the CCZ was divided into 4 equal time windows) as main factors and X-Pos, Y-Pos, Speed, and TimeIn-Zone as covariates. The significance associated with each effect was obtained from a distribution of F values generated during a shuffling procedure. This procedure was performed because the distribution of firing rates for most cells deviated significantly from the Gaussian distribution even when the three main factors were taken into account 196 out of 199 cells) .
Forty-six neurons (23.12%) showed either a significant effect of Trial-Type or a significant Trial-Type versus Time-Window interaction, but no significant effect involving Previous-Location (Fig. 3 A, B) . Therefore, these cells changed their firing rate to reflect the trial type on any given trial. These types of cells were recorded in all recording sessions, ranging from 5.56 to 44.44% of the total number of recorded cells. The mean F value for the Trial-Type effect in the real data set was larger than that obtained after shuffling the identity of the trials. (Fig. 3C , mean real F value: 3.94, smallest mean F value in shuffled samples with a probability Ͻ0.01: 1.89). This indicates that the effect of Trial-Type on the firing rate of the cells was not due to random fluctuations. In separate ANOVAs, the effect of Time-Window on the firing rate in the CCZ was tested. The firing of 138 out of 199 cells (69.35%) was significantly affected by the factor Time-Window. The variables X-Pos and Y-Pos affected the firing rate of a similar number of cells (136 out of 199 cells, 68.34%).
The effect of Trial-Type on the firing rate of the cells was confirmed by a second analysis in which we calculated the distribution of differentiation indices for the 199 cells. Differentiation index was calculated as the absolute value of the difference between the mean firing rates on the two types of trials, divided by the sum of mean firing rates on the two types of trials. This calculation was repeated after shuffling the trial identity. The mean differentiation index in the real data set was larger than that obtained after shuffling the identity of the trials (mean differentiation index: 0.15, smallest mean differentiation index from shuffled samples with a probability Ͻ0.01: 0.11). Thus, larger differentiation indices were more frequent in the recorded data than in the shuffled data.
Cells with a significant effect of Trial-Type could be place cells for which the firing rate is modulated by the identity of the conditional cue, or they could be cells responding to a particular non-spatial cue (Wood et al., 1999) . If the cells showing different firing rate at the central arm food well encoded the identity of the food independently of the position of the animal, then these cells should also exhibit similar food type-related firing at the food wells in the goal arm. To test this possibility, we calculated a second differentiation index between the firing rates of the cells at the goal arm food wells and compared it to that for the CCZ. There was no relationship between the differentiation indices in the CCZ and those in the goal arm reward sites (r ϭ 0.09; p Ͼ 0.5). Thus, the fact that cells changed their firing rate depending on the conditional cue on the central arm of the maze did not simply reflect the encoding of information relative to the type of food independent of spatial location.
The previous location of the rat influences firing rate in the CCZ Depending on the response of the rat on the previous trial, the rat could enter the CCZ after having run down either the left or right return arm. The previous location of the animal could affect the firing rate of pyramidal cells on the central arm, as previously shown during other memory tasks (Ainge et al., 2007b; Ferbinteanu and Shapiro, 2003; Pastalkova et al., 2008; Wood et al., 2000) . The ANCOVA indicated that the firing of 24 neurons out of 199 (12.06%) showed either a significant effect of Previous-Location or a Previous-Location versus Time-Window interaction, but no significant effect of Trial-Type or other interactions (Fig. 3D,E) . The distribution of F values for the effect of Previous-Location in the real data was compared with that obtained after shuffling the identity of the trials (Fig. 3F) . The mean F value for the Previous-Location effect in the real data was larger than what could be obtained by chance (mean real F value: 2.92, smallest mean F value in shuffled samples with a probability Ͻ0.01: 1.79). Therefore, a significant proportion of cells changed their firing rate in the CCZ depending on the previous location of the animal. It should be noted that the previous location of the rat is not only an indication of the journey of the rat before entering the CCZ, but is also related to the conditional cue presented on the previous trial.
A discrimination index for the previous position was also calculated. The mean differentiation index in the real data set was larger than that obtained after shuffling the identity of the trials (mean differentiation index: 0.14, smallest mean differentiation index from shuffled samples with a probability Ͻ0.01: 0.11).
Cells influenced by both the trial type and the previous location of the animal
ANCOVAs performed on pyramidal cells firing in the CCZ showed that 52 cells (26.13%) were influenced by both the TrialType and Previous-Location factors, or by an interaction involving these two factors, with or without the factor Time-Window (Fig. 3G,H ) . This shows that a significant proportion of hippocampal cells showed changes in firing rate associated with both the trial type and the previous location of the rat. For example, the raster plot of one cell in Figure 3G showed a different firing pattern during trials with sweet corn, depending on whether the rat was coming from the left or right goal arm. The mean F value for the Trial-Type ϫ Previous-Location interaction in the real data was larger than what could be obtained by chance (mean real F value: 1.99, smallest mean F value in shuffled samples with a probability Ͻ0.01: 1.63). This confirmed that the firing of a significant proportion of cells was affected by both the trial type and the previous location of the animal. Figure 3I shows the proportion of the recorded cells that were affected by the trial type, the previous location, or by a combination of these two factors (conjunctive).
We then assessed how conditional firing associated with the features of the task evolved when the rat was in the CCZ. An ANCOVA with Trial-Type and Previous-Location as main factors and X-Pos, Y-Pos, Speed, and Time-In-Zone as covariates was performed separately for the first and fourth time windows in the CCZ. The F values obtained in the first time window were significantly larger than that in the fourth time window for both factors (Trial-Type, first time window: 2.69 Ϯ 0.30, last time window: 1.10 Ϯ 0.10, p Ͻ 10 Ϫ05 ; Previous-Location, first time window: 1.76 Ϯ 0.17, last time window: 1.21 Ϯ 0.13, p ϭ 0.007). This result suggests that conditional firing in the CCZ was stronger when the rat had just entered the zone than when the rat was about to leave it. 
Trial-related modulation of firing rate while the rat is running toward the choice point
After consuming the food reward in the CCZ, the rat ran toward the choice point of the maze. We used this part of the trial to assess whether the firing rate of pyramidal cells was also modulated by the trial type and/or the previous location of the animal while the animal was running. The analysis was limited to the MCAZ (Fig. 1 A) , where the behavior of the rat was very stereotyped and did not vary substantially depending on the trial type or the previous location of the animal. A total of 64 pyramidal cells fired at least 300 spikes in this section of the maze. These cells had a clear region of high firing on a limited section of the central arm of the maze (Fig. 4 ). An ANCOVA was performed for each cell to determine whether the factors Trial-Type, PreviousLocation, and longitudinal Y-Position had an effect on the firing rate of the cell, while controlling for the potential effects of speed and the lateral position of the animal. Six cells (9.38%) showed either a significant effect of Trial-Type or Trial-Type versus Y-Position interaction, but no significant Previous-Location effects or interactions involving this factor (Fig. 4 A) . The mean F value for the effect of Trial-Type in the real data was larger than what could be expected by chance (Fig. 4 B, mean F value: 10.02, smallest mean F value in shuffled samples with a probability Ͻ0.01: 3.27). The factor Previous-Location also had a significant effect on an additional eight cells (Fig. 4C) . These cells showed a significant effect of Previous-Location or Previous-Location versus Y-Position interaction, but no significant Trial-Type effects or interactions involving this factor. The mean F value for the Previous-Location factor was significantly different from chance levels (Fig. 4 D , mean F value: 5.44, smallest mean F value in shuffled samples with a probability Ͻ0.01: 3.03). Nevertheless, most cells showing changes of firing rate related to the task were influenced by both the trial type and the previous location of the animal (Fig. 4 E) . Thirty-five cells (54.69%) showed either significant effects of Trial-Type and Previous-Location or at least one significant interaction involving both these two factors. As can be seen on Figure 4 E, most of these cells had stable place fields across the four conditions, but the precise firing rate of the cells within their fields varied depending on trial type and previous location. For example, one cell presented on Figure 4 E shows an elevated firing rate specifically for the trials in which the rat had been presented with sweet corn and was coming from the left. Again we tested whether these results were significantly different from what could be obtained by chance by comparing the F values for the interaction Trial-Type versus Previous-Position with that of the same interaction after shuffling the trials. The mean F value in the data set was significantly larger than that obtained after shuffling the data (mean F value: 6.01, smallest mean F value in shuffled samples with a probability Ͻ0.01: 1.75). Figure 4 F summarized the proportion of the cells showing different effects in the MCAZ.
Trial-related coding is present during periods of reduced theta activity
Retrospective and prospective coding in the hippocampus has been observed mainly during running episodes (Wood et al., 2000; Ferbinteanu and Shapiro, 2003; Pastalkova et al., 2008) . These periods are characterized by the strong modulation of the firing of pyramidal cells and interneurons at theta frequency. In the current experiment, trial-related firing was also observed as the animal paused to obtain a food reward and as it was running toward the choice point. We therefore investigated whether theta activity modulated the firing of pyramidal cells and interneurons in a similar fashion in the two phases of the trials. The detection of theta cycles was limited to epochs where a clear increase of power at theta frequency was observed (theta/delta ratio Ͼ 1.5, Fig. 5A ). The theta/delta ratio was above this threshold during ϳ60% of the recording sessions (Fig. 5B) . A power spectrum was first calculated to determine if theta oscillations were present in the hippocampus while the rat was in the CCZ or in the MCAZ (Fig. 5C ). Figure 5 , D and E, shows that there was a significant reduction in the power at theta frequency when the animal was in the CCZ (paired t-tests; p Ͻ 0.01 from 7.6 to 8.2 Hz).
To quantify the theta modulation of the firing rate of pyramidal cells and interneurons in the two zones, we calculated the mean theta vector length for pyramidal cells and interneurons (Fig. 5F ). The mean theta vector length for pyramidal cells was reduced in the CCZ compared with the MCAZ (p Ͻ 10
Ϫ10
). In contrast, the mean theta vector length for interneurons was not significantly different across the two zones (p Ͼ 0.10). The theta phase preference of cells in the CCZ and the MCAZ was also investigated. When the animal slowed down to receive a food reward in the CCZ, pyramidal cells showed no clear preference for a particular theta phase (Fig. 5G) . In contrast, as the animal ran in the MCAZ pyramidal cells tend to fire at the trough of the theta oscillations. The pattern of results was different in the interneuron population (Fig. 5G) . They tended to fire at the descending phase of the theta oscillations in both the CCZ and the MCAZ. The mean spike-time autocorrelation of pyramidal cells also showed a clear reduction in the tendency to fire periodic spikes at theta frequency in the CCZ (Fig. 5H ) , indicating that these cells do not periodically fire in subsequent theta cycles. Thus, they cannot participate accurately in theta phase precession in this condition. In contrast, the firing patterns of interneurons appeared more similar across the CCZ and the MCAZ. These results show that the firing patterns of pyramidal cells changed during different phases of the trials. Pyramidal cells, however, encoded information relative to the trial type and the previous location in both states.
It is possible that the presence of sharp wave/ripples during periods of relative immobility in the CCZ could have affected the detection of theta oscillations. However, we found that sharp wave/ripple epochs accounted for 0.24% of the time spent in the CCZ and only 0.58% of the theta epochs. Removing sharp wave/ ripple epochs from the analysis presented in Figure 5 had no visible effect on the results.
Spatial coding is not affected by task-related modulations of firing rate
Although the firing rate of place cells changed depending on the trial type and the previous location of the animal, the shape and location of their place fields were not affected. For the cells firing 300 spikes in the MCAZ, two-dimensional place rate maps within the MCAZ were constructed for both trial types and both previous locations. The correlation coefficients between the firing rates in these two maps were high (mean r value ϭ 0.81 Ϯ 0.02). The distribution of the correlation coefficients was not significantly different from that obtained after shuffling the identity of the trials (Fig. 6 A, all p values Ͼ0.05). Similar results were obtained when smoothing kernels of different width were used to calculate the place rate maps (kernels with SD ranging from 0 to 4 cm). This suggests that the location of the place fields did not change significantly depending on the trial types.
Hippocampal place cells also encode spatial information via changes in the theta phase of individual action potentials. We therefore assessed the profile of theta phase precession for cells showing firing rate changes associated with the current trial types or the previous location on the maze. For each cell showing an effect of Trial-Type, Previous-Location, or an interaction between these two factors in the MCAZ, the place-phase profile of its action potentials was constructed. Either the two placephase profiles were compared, or, if significant interactions were detected, conditions associated with the highest and lowest firing rates were taken for the comparison. Figure 6 B1 shows the mean spatiotemporal maps for the compared high and low rate trials. Theta phase precession had a very similar profile in these two conditions. The mean phase of the action potentials for six sections of the place fields are shown on Figure 6 B2. No significant difference was observed between high and low firing rate trials (Watson's two-sample test for circular data; all p values Ͼ0.10). The circular correlations between theta phase and location of the action potentials of each cell were calculated for the two conditions: there was no difference between the strength of the correlation (Fig. 6 B3, paired t test; t ϭ 0.79; p ϭ 0.43). Thus, the spatial temporal code appears to be maintained despite the significant modulations of firing rate associated with the trial type or the previous location of the animal.
The reconstruction of the animal's position from cell activity also suggested that the spatial map made by these cells was unaltered by the type of trials during the task. Reconstructions were performed only when there were at least three spikes per 200 ms time window and each theta cycle was divided into five bands. The median of the reconstruction error when the rats were running in the MCAZ was ϳ7 cm (Fig. 6C) . In one condition (Same), the position of the rat on each trial was reconstructed using a model built on the other trials of the same type. In the other condition (Diff), each trial was reconstructed using the trials of the other type but with the exception of one randomly selected trial. We found that the type of trials performed by the rat did not affect the quality of the spatial reconstruction in the MCAZ (Fig. 6 D, E) : Predicting the animal's position using a model based on trials of the same or different type led to a similar reconstruction error (Wilcoxon rank sum test, n ϭ 1608, Trial-Type: p Ͼ 0.5, Previous-Location: p Ͼ 0.5). Paired t-tests on the median of reconstruction error for the Same and Diff conditions of each recording session revealed no significant difference (Fig. 6 E, p Ͼ 0.50). Simulations in which the location of the firing fields in the MCAZ were shifted randomly along the longitudinal axis of the zone indicated that a change in the firing field location in 10% of the cells was sufficient to cause a significant increase in reconstruction error (Fig. 6 F, paired t test on median of recording sessions, comparing no firing field shift with field shift in 10% of the cells, p Ͻ 0.015). Taken together, these findings indicate that the spatial representation of the central arm of the maze was stable across the different conditions. Prediction of trial type, previous location, and current position of the rat on correct and error trials Using the firing rate of a group of pyramidal cells, it was possible to predict both the trial type and the previous location of the animal on a single-trial basis. On correct trials, accurate prediction for both the trial type and the previous location occurred on 73.02% of the trials (341 out of 467 trials, Fig. 7A ). This was significantly better than chance levels (chance ϭ 25%, 2 ϭ 574.31; p Ͻ 10 Ϫ16 ). The prediction accuracy for individual recording sessions ranged from 52.38 to 88.23% and was significantly different from chance levels in all instances (all p values Ͻ 0.0001). The accuracy of the prediction for the trial type or the previous location alone were higher (83.72 and 81.80%, respectively) than the combined prediction. This was significantly above chance levels (chance ϭ 50%, 2 trial type ϭ 212.47; p Ͻ 10 Ϫ16 , 2 previous location ϭ 188.88; p Ͻ 10 Ϫ16 ). We then investigated whether the accuracy of the representations for the trial type and previous location covaried during the task. We analyzed the prediction accuracy for a first factor when the prediction of the second factor was correct or incorrect. We found that the likelihood of predicting one factor correctly was strongly linked to the successful prediction of the second factor (Fig. 7B) . On correct trials in which the previous location was predicted successfully, the trial type could also be predicted correctly on 89.27% of the trials. When the previous location was not predicted successfully, then the prediction accuracy for the trial type dropped to 58.82%, which was significantly lower ( 2 ϭ 4.30; p Ͻ 0.05). The prediction accuracy of the previous location also depended on the accuracy of the trial type prediction (Fig. 7B, p Ͻ 0.05) . This indicated that the quality of the representation of both factors covaried on correct trials.
We tested whether the trial type and the previous location of the animal could be predicted on error trials. On these trials, the animal received the conditional cue but visited the unbaited goal arm. Therefore, the influence of the conditional cue and that of the future location of the animal could potentially be dissociated. Moreover, the animals alternated on these trials 85% of the time, so they were apparently guided by the location they had visited on the previous trial. Accurate prediction for both the trial type and the previous location occurred on 27.06% of the trials (Fig. 7C) . This was not significantly better than chance levels (chance ϭ 25%, 2 ϭ 0.19; p ϭ 0.66). The accuracy of the prediction for the trial type or the previous location alone was also not significantly above chance levels (chance ϭ 50%, 2 trial type ϭ 3.4; p ϭ 0.07, . Different network states characterized periods in the CCZ and the MCAZ. A, Power spectra performed on 500 ms epochs with different theta/delta ratios. A clear theta peak is observed for epochs with a theta/delta ratio larger than 1.5. B, Distribution of theta/delta ratios during the recording sessions. Approximately 60% of the recording sessions were considered as theta epochs when using a theta/delta ratio of 1.5 as detection threshold. C, Representation of the maze, the conditional cue zone (red dotted rectangle), and the middle central arm zone (black dotted rectangle). D, Power spectra for the time periods in which the rat was in the CCZ or the MCAZ. E, Mean theta/delta ratio when the rat was in the CCZ or the MCAZ. F, Mean theta vector length for the spikes of pyramidal cells (Pyr.) and interneurons (Int.) when the rat was in the CCZ or the MCAZ. G, Probability of firing at different theta phase for pyramidal cells and interneurons in the CCZ and the MCAZ. H, Spike-time autocorrelation for pyramidal cells and interneurons in the CCZ and the MCAZ. *p Ͻ 0.01.
previous location ϭ 0.58; p ϭ 0.45). These results suggest that the representations of the trial type and the previous location of the animal were altered on error trials. Neither the conditional cue, nor the choice behavior of the animal could be predicted on error trials. Next, we investigated whether the spatial map per se was altered on error trials. The quality of the spatial map during correct and error trials was compared by predicting the location of the animal while the rat was in the MCAZ. We first used correct trials to predict the position of the animal on error trials. The number of correct trials used in the model was equal to the number of correct trials minus the number of error trials. Then we used the same number of correct trials, selected randomly, to predict the position of the animal on correct trials. This last procedure was repeated 500 times to estimate the quality of the prediction on correct trials. We compared the distributions of reconstruction errors on correct and error trials and found that there was a significant tendency for larger error in the reconstruction during error trials (Kolmogorov-Smirnov; D ϭ 0.13; p Ͻ 0.01). The reconstruction error for correct and error trials was then investigated further for time windows with different numbers of spikes (Fig. 7D) . The position reconstruction was better during correct trials whenmorethan10spikeswererecordedduringthereconstructiontime windows (10 to 18 spikes: D ϭ 0.09; p Ͻ 0.01, 18 to 26 spikes: D ϭ 0.13; p Ͻ 0.01). This demonstrates that the spatial map made by a population of place cells is less accurate, or altered, during error trials.
Trial-related coding mechanisms during the rewarded alternation task without delays
The results obtained during the conditional discrimination task indicate that hippocampal cells encode trial-related information 
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Figure 6. Effect of trial type and previous location on spatial coding in the MCAZ. A, Cumulative distribution of the place field similarity as expressed by the correlation coefficients between the place rate maps of the MCAZ for the two types of trials (top) or the different previous locations (bottom). The distributions were not significantly different from these obtained after shuffling the trial identity. B, Place-theta phase relationship for cells showing a significant effect of Trial-Type, Previous-Location, or an interaction of these two factors. When significant interactions were detected, conditions with the highest and lowest firing rate were considered. B1, Top, Mean linear firing rate maps within the place field for conditions associated with high firing rate (high rate trials) and low rate (low rate trials). Bottom, Mean place-phase maps showing theta phase precession. Theta phase precession was observed in both conditions. B2, Mean phase of the spikes for six equal sections of the place fields for different conditions. B3, Mean circular-linear correlation between theta phase and location for spikes during trials with high and low firing rate. C, Example of reconstruction of the position of the rat on two different trials. D, Reconstruction of the position in the MCAZ from one recording session. The predicted position was strongly correlated to the recorded location of the animal. This relationship was similar for reconstruction made with trials of the same or different type. E, Effect of the trial type or the previous location on the position reconstruction error in the MCAZ. The median was obtained from each recording session and the mean across the sessions was calculated. There was no difference between reconstructions made with trials of the same or different trial types or previous location. F, Simulation performed in which the firing fields of different proportions of place cells were randomly moved within the MCAZ. Reconstruction error significantly increased when only 10% of the firing fields moved ( p Ͻ 0.015), suggesting that the reconstruction method would be sensitive to a displacement of few firing fields across the different task conditions. mainly via changes in firing rate, hence rate remapping underlies their task-related coding. We next tested whether rate remapping also applies to other memory tasks in which the future choice of the animal is guided by its previous location. We recorded the activity of pyramidal cells in rats performing the continuous version of the rewarded alternation task without delays (Fig. 8A) . The rats were implanted with 16 tetrodes before being trained on the task. We recorded the activity of hippocampal pyramidal cells during six recording sessions. The mean performance during these sessions was 92.72% correct responses, with all recording sessions above 80% (Fig. 8B) . A total of 971 pyramidal cells were recorded on the maze. As expected, pyramidal cells changed their firing rate on the central arm of the maze depending on the ongoing trial type (left-to-right or right-to-left) (Wood et al., 2000; Lee et al., 2006) . A total of 141 cells fired at least 300 spikes in the central arm zone. For each cell, an ANCOVA was performed to establish whether the factors Trial-Type and longitudinal Y-Position had an effect on the firing rate of the cell, while controlling for the potential effects of speed and the lateral position of the animal. Fifty-nine cells (41.84%) showed either a significant effect of Trial-Type or a Trial-Type versus Y-Position interaction (Fig. 8C) . The mean F value for the effect of Trial-Type in the real data was larger than what could be expected by chance (Fig. 8 D, mean F value: 17.58, smallest mean F value in shuffled samples with a probability Ͻ0.01: 3.63). Thus, a significant proportion of cells changed their firing rate during the rewarded alternation task depending on the type of trials (left-to-right or right-to-left).
As illustrated with the cells presented in Figure 8C , most cells had a field at a similar location on the two types of trials. For each cell, a correlation was performed between the place rate maps obtained from trials of different types. The mean correlation coefficient between the place rate maps was 0.87 Ϯ 0.01 (Fig. 8 E) . The mean correlation coefficient was not significantly lower than what could be expected by chance (mean r value in shuffled samples with a probability Ͻ0.05: 0.80). Thus, the majority of pyramidal cells fired at a similar location during both types of trials. The algorithm to reconstruct the position of the rat from cell activity was also applied to data from the rewarded alternation task (Fig. 8F) . The median of the reconstruction error when the rat was running in the central arm zone was 5.71 and 5.80 cm when predicting the spatial position of the rat using a model based on trials of the same or different type, respectively (Kolmogorov-Smirnov test, n ϭ 3333, p ϭ 0.24). Paired t-tests on the median of the reconstruction error for the Same and Diff conditions of each recording sessions revealed no significant difference (Fig. 8G , p Ͼ 0.50). Simulations in which the location of the firing fields was shifted along the longitudinal axis of the central arm zone showed that global remapping would have severely affected reconstruction error (Fig. 8H ) since even the shuffling of place fields in 10% of the cells yielded significant changes in the prediction distance error (p Ͻ 0.01).These findings indicate that the spatial representation of the central arm of the maze was stable during the continuous version of the rewarded alternation task without delays and that memory-related coding during this task is expressed mainly via rate changes of stable place fields.
Discussion
This study shows that the firing of hippocampal pyramidal cells can encode several trial-related features or even the combination of these features during a conditional discrimination task. These trial-related features were encoded through firing rate modulations within the place field without significant changes in place field location per se, demonstrating the rate remapping of place fields. Trial-related rate changes were present during two distinct phases of the conditional discrimination task, which were characterized by a different influence of theta oscillations on the activity of hippocampal neurons. This rate modulation accurately predicted the behavior of the animal on correct but not error trials, suggesting that this form of rate-coding may contribute to the animal's behavioral performance. In addition, we show that during the continuous version of the rewarded alternation task without delays, conditional firing also occurs via rate-remapping of spatially stable place cells.
Trial-related changes in the firing rate of place cells
We were able to show that two independent trial-related features can be encoded by hippocampal cells, and some cells can even encode the combinations of these features. In the conditional discrimination task, nonspatial conditional cues (different food flavors) signaled to the rat which goal arm of the maze it had to visit next, and these conditional cues were randomly assigned across consecutive trails. We have found place cells that encoded the current trial type (associated with the conditional cue and the future choice of the animal), the past location (i.e., past choice of the animal), or the combination of both. Hence, cells could encode multiple trial-related features. Our results also show that firing rate changes associated with the future choice of the rat can A B C D Figure 7 . Prediction of the trial type, previous location, and current position based on cell activity during correct and error trials. A, Prediction accuracy for the trial type and previous location using the firing rate of a group of cells during correct trials. Prediction of conjunctive information means that both the trial type and the previous location were predicted successfully. Chance levels are indicated with dotted lines. The prediction accuracy was significantly above chance levels. B, The prediction accuracy for the two factors on correct trials covaried. The prediction accuracy for one factor was above chance level only on trials where the other factor could be predicted successfully. C, The prediction for the trial type and the previous location on the error trials. Prediction accuracy on error trials was not significantly different from chance levels. D, Reconstruction of the animal position on correct and error trials for reconstruction time windows with different number of spikes. The spatial reconstruction was significantly impaired on error trials only when Ͼ10 spikes were recorded during the reconstruction time window. *p Ͻ 0.01.
be updated on a trial-to-trial basis, which is a shorter time scale than in previous studies in which firing responses were compared between long-duration trial blocks only (Ferbinteanu and Shapiro, 2003; Ainge et al., 2007a; Kennedy and Shapiro, 2009 ; but see Ainge et al., 2012) . In the conditional discrimination task, trial-related firing was observed when the rat paused at the start of the central arm, where it was presented with the conditional cue. The speed of the animal in that zone was much lower and the power of theta activity was reduced. Interestingly, interneurons maintained theta modulated firing, whereas pyramidal cells lose much of their theta modulation. We were able to differentiate cells that encoded the current or the past trial type or even combinations of these during that state. These cells are unlikely to exhibit theta phase precession in this condition, due to their very weak theta phase modulation and the suppressed theta modulation in their spike-time autocorrelations. These responses were different from conditional responses observed while an animal was running on a wheel in delay periods; there cells were theta modulated and exhibited theta phase precession (Pastalkova et al., 2008) . Some of our cells exhibited trial type versus time interactions near the food well, suggesting that, depending on the trial types, they fired at different relative time periods near the food well (Fig.  3) . The firing of these cells was reminiscent of "time cells" that exhibit timedependent sequences in delay periods (MacDonald et al., 2011) . Overall, the network patterns observed near the conditional cue food well could represent an intermediate state in which trialdependent firing remains in the presence of reduced theta oscillatory activity, whereas the theta phase of cells no longer signals spatial locations.
Possible contributions of spatial and trial-related information to the animal's performance Using the firing rate of pyramidal cells, it was possible to predict both the current and previous trial types, i.e., the future response of the animal and its previous location on the maze. On correct trials, the accuracy of this prediction was above 70%, which is much higher than chance levels (25%). Moreover, the ability to predict the previous location of the animal and the conditional cue were linked on a trial-to-trial basis; when the activity of the hippocampal cell population accurately predicted the previous location of the an- imal, the prediction of the conditional stimulus was more likely to be accurately predicted as well. This finding suggests that these two variables are interrelated. On error trials, the prediction of the conditional cue was at chance levels. This shows that on error trials the activity of hippocampal neurons did not encode correctly the trial type determined by the conditional cue. Neither had it predicted the wrong choice of the animal, as, in that case, hippocampal activity should have signaled the opposite conditional cue. Hippocampal activity did not predict the previous location of the animal on error trials either. Therefore, unlike on correct trails, hippocampal neurons failed to signal trial-related information during error trials. Together, these results suggest that correct encoding of trial-related information could contribute to the behavioral performance of the animal.
A second contribution of the hippocampus to the conditional memory task could be to provide a spatial map of the animal on the maze. On error trials we found that the spatial reference frame of place cells was impaired: the spatial map made by hippocampal cells during error trials was not as accurate as that on correct trials. Therefore, our results point toward a dual-role for the hippocampus in our task: it may simultaneously provide allocentric spatial information as well as task-contingent information to support the animal's behavior. These functions could be supported by distinct codes for the trial-related and spatial information, both supporting the behavioral performance of the animal.
Interactions between spatial and trial-related coding in the hippocampus There are at least two possible scenarios explaining how trialrelated information interacts with spatial coding in the hippocampus. In one scenario, some place cells might be active only during some trials or the location of some firing fields could change across trials. This partial remapping should lead to the activation of different spatial maps during the different trial types as suggested by some studies (Ferbinteanu and Shapiro, 2003; Kennedy and Shapiro, 2009) . Alternatively, other studies put forward that maps may remain the same in different trial conditions but the in-field rate of place cells may change depending on trial type (Lipton et al., 2007; Ainge et al., 2012) . Indeed, such a rate remapping has been observed in conditions in which environmental features have been altered (Leutgeb et al., 2005) . Here, we quantitatively examined whether task-related firing observed in mazes is due to global, partial, or rate remapping. We found that, in two different memory tasks (i.e., conditional discrimination task and rewarded alternation task without delays), trial-related information was encoded by firing rate changes inside the place fields without affecting the location of the place fields themselves. In fact, place maps measured on the opposite trial type could still be used to accurately predict the current location of the animal. In addition, we observed no change in the theta-phase precession profile of pyramidal cells in conditions associated with the encoding of different trial-related features. These results demonstrate that both place and trial-related information can be encoded in the CA1 region using a combined temporal-rate code in which the firing theta phase of the cells reflected the animal's position, whereas the firing rate varied on a trial-to-trial basis to reflect contextual information. Interestingly, it was recently suggested that rate remapping could be the mechanism by which pyramidal cells signal the previous location of the animal during a plusmaze task in which the animal has to run from one of a pair of opposite start arms to a goal arm (Ferbinteanu et al., 2011) . Also, given the recent differences observed between the firing of CA1 and CA3 pyramidal cells during memory tasks (Bahar et al., 2011) , future experiments will be needed to assess whether similar coding mechanisms operate in the different hippocampal subregions.
We have been able to demonstrate that the firing rate of hippocampal neurons can encode not only single trail-related features but also a combination of these features. These conjunctive place cells changed their firing rate to reflect both the previous location of the animal and the future location associated with the conditional cue. This suggests that, once large populations of cells are considered, firing rate modulation can encode combinations of complex, trial-related features by forming distinct cell assemblies. Moreover, sequentially firing place cells that encode conjunctive information could potentially encode event sequences, which would allow the hippocampus to contribute to a representation of associations between different dimensions of an episode (Eichenbaum and Cohen, 2004; Foster and Wilson, 2006; Pastalkova et al., 2008; MacDonald et al., 2011) . This type of conjunctive coding by hippocampal neurons could potentially allow the animal to learn conditional rules that depend on a combination of several conditional stimuli.
